A precise X-ray determination of the lattice parameters of silver gallium telluride, AgGaTe2, has been made in the temperature range 301 to 667 K with a Unicam 190 mm high-temperature powder camera. The data have been used to evaluate the coefficients of thermal expansion, ~± and ~ll, at various temperatures. It has been observed that the 'c' parameter decreases while the 'a' parameter increases with increasing temperature as in the case of AgGaSe2 and AgGaS2, which also have a chalcopyrite-type structure. The magnitudes of both ~± and ~ll increase non-linearly with increasing temperature.
Introduction
Silver gallium telluride, AgGaTe2, a member of the I-III-VI2 class of ternary semiconducting materials, is isostructural with chalcopyrite (Berger & Prochukhan, 1969; Shay & Wernick, 1975) . At present, these chalcopyrite compounds are widely studied for their semiconducting and non-linear optical properties (Shay & Wernick, 1975; Pamplin, Kiyosawa & Masumoto, 1979) . Under a programme of 'Studies on some chalcopyrite ternary semiconducting compounds by the X-ray method', we have previously reported the thermal expansion of a number of I-III-VI2 family semiconducting compounds (Kistaiah, Venudhar, Sathyanarayana Murthy, Iyengar & Krishna Rao, 1981a,b,c,d) . Some of these compounds like AgGaSe2 and AgGaS2 showed interesting thermal behaviour. As no data on the thermal expansion of AgGaTe2 are available in the literature, it was thought desirable to study its thermal behaviour as a part of the programme. The present paper gives an account of the precise determination of the lattice parameters and the coefficients of thermal expansion of AgGaTe2, at different temperatures.
Experimental
The melt-grown polycrystalline sample of chalcopyrite AgGaTe2, kindly supplied by Dr B. Tell of Bell * Present address: Departement de Physique, Institut de Sciences Exactes, Universite de Constantine, Constantine, Algeria.
Laboratories, New Jersey, USA, was used in the present investigation. The details of the growth and purity of this compound have already been described (Tell, Shay & Kasper, 1974) . The crystal sample was crushed to a powder of appropriate particle size and the specimen for the study was prepared by filling this powder in a 0-5 mm diameter thin-walled quartz capillary. Powder photographs were taken at different temperatures ranging from room temperature (301 K) to 667 K with a Unicam 190 mm high-temperature powder camera and Cu K~ radiation. Temperature control was facilitated by the use of a voltage stabilizer and variac and the temperature could be held constant to within about 2 K. The details of the experimental set up and the construction of the camera were described in an earlier paper (Krishna Rao, Nagender Naidu & Iyengar, 1973) .
Eight unambiguously indexed reflections recorded in the Bragg angle region 68 to 78 ~ were used in evaluating the lattice parameters at different temperatures with the help of Cohen's (1935) least-squares method. In evaluating the lattice parameters, independent measurements and calculations were made on several films and the average of the deviations of the individual values from the mean was taken as the error in the lattice parameters. This error was found to be about 0.0002 A in the a parameter and about 0.0003 A in the c parameter at room temperature. The errors were found to be of the same order at higher temperatures. From the lattice parameter versus temperature data, the coefficients of thermal expansion were evaluated at various temperatures by a graphical method described earlier (Krishna Rao, Nagender Naidu & Setty, 1962) .
Results
The lattice parameters at room temperature, obtained in the present study, are given in Table 1 along with the earlier data available in the literature. The values of the lattice parameters obtained in the present study are slightly higher than the values obtained by other investigators.
The lattice parameters obtained at different temperatures are given in Table 2 and are shown graphically in Fig. 1 . It may be seen that the a parameter increases continuously, while the c parameter decreases with increasing temperature. Both the parameters vary nonlinearly with temperature. In Fig. 2 , the axial ratio (c/a), and the unit-cell volume (V) are plotted against JAC 14~ 0021-8898/81/050281-04501.00 ~) 1981 International Union of Crystallography temperature. The axial ratio decreases while the unitcell volume increases, non-linearly, with increasing temperature. The coefficients of thermal expansion, ~± and ~11, perpendicular and parallel to the principal ax~s respectively, evaluated at various temperatures are shown graphically in Fig. 3 . The temperature dependence of these coefficients can be represented by the following equations, where T is the numerical value of the temperature expressed in K.
~±=[14-88876x 10-6+7-85419 x 10 -9 (7"-273) -9.85234x 10 -12 (T-273) 2] K -t (1) ~ll =[-2-41395 x 10 -6-1.59624 x 10 -8 (T-273)
It can be seen that the positive value of~± increases nonlinearly while the value of ~ll is negative at room temperature and its numerical value increases nonlinearly with increasing temperature. The coefficient of volume expansion,/?, is found to decrease non-linearly with increasing temperature.
Discussion
Chalcopyrite silver gallium telluride crystallizes in a tetragonal structure with space group 1-42d. The unit cell contains four formula units. In this structure each silver and gallium cation is approximately tetrahedrally coordinated to four tellurium anions, while each tellurium anion is tetrahedrally coordinated to two silver and two gallium cations. The tetrahedral coordination is not precisely regular and, as a consequence of ordering of the silver and gallium cations in this structure, a tetragonal distortion, defined as 8 = (2 -c/a), results. It can be seen from Fig. 2 that the axial ratio c/a decreases with increasing temperature giving rise to an increase in the tetragonal distortion with temperature of the chalcopyrite lattice of this compound. This seems surprising at first sight because at higher temperatures one would normally expect a move towards the more symmetrical pseudo-cubic position with c/a=2. Among the chalcopyrite-type compounds so far studied, AgGaSe2 and AgGaS2 exhibit a similar behaviour at higher temperatures. In all the three cases, the coefficient of expansion along the c axis (~11) is negative and increases numerically with increasing temperature while the coefficient of expansion along the other direction, ~±, is positive and increases with increasing temperature. The coefficient of volume expansion in all the three cases is positive but increases with increasing temperature in the case of AgGaSe2 and AgGaS2, while it decreases in the case of AgGaTe2.
The increase in the tetragonal distortion with JA(" 14 I* temperature in these compounds has been interpreted in terms of the thermal expansion of the individual I-VI and III-VI bonds, by applying the Abrahams & Bernstein (1973) relations. The calculated results are summarized in Table 3 . Here the parameter x denotes the location of the Vl-group anion relative to the I-and III-group cations by the following atomic arrangements in the chalcopyrite unit cell,
. The positive temperature coefficient ofx implies that the VI-group atom is gradually moving away from the I-group atom and coming relatively closer to the IIIgroup atom as the temperature is increased. The thermal expansion of the bonds given in Table 3 indicates the reason for the increase in the tetragonal distortion of the lattice with temperature of these compounds. The more ionic I-VI bonds have higher thermal expansion coefficients than the covalent III-VI bonds, and hence an increase in the tetragonal distortion of the lattice with temperature results.
Many instances of negative coefficients of expansion of crystals are found in the low-temperature region and the negative coefficients in those cases have been explained (Smith & White, 1975; Novikova, 1966; Soma, 1977) as being due to the preponderance at low temperatures of acoustic vibrations. But in the case of the present compounds, the negative coefficient of expansion is in the high-temperature region and hence the same explanation may not hold good. The negative coefficient of expansion (~1) in the case of substances like calcite (Krishna Rao, Nagender & Sathyanarayana Murthy, 1968 ) and graphite (Nelson & Riley, 1945) in the high-temperature region has been explained as being due to the Poisson's contraction in that direction arising from the large coefficient of expansion in a perpendicular direction. Such an explanation is also not applicable in the case of the present compounds, which do not have a large coefficient of expansion along the other direction. Recently, Neumann (1980) derived some empirical relations for the average linear thermal expansion coefficient ~ and the linear thermal expansion coefficients c~± and ~11 for the I-III-VI2 family of semiconducting compounds. From this study, the thermal expansion coefficient ratio ~11/7± is a continuous function of the axial ratio c/a, and increases with decreasing c/a. Also, there exists a critical c/a value, approximately equal to 1.90, below which 711 becomes negative for this family of compounds. The three compounds AgGaSe2, AgGaS2 and AgGaTe2 have an axial ratio c/a less than the critical value (Table 4 ) and hence exhibit a negative coefficient of expansion in the c direction in accordance with the empirical findings of Neumann (1980) . 
